Time-of-flight Lorentz force velocimetry is a non-invasive electromagnetic measurement technique that can be used to determine both the flow rate and/or the local velocities in electrically conducting fluids like liquid metals. Using this technique, two identical so-called Lorentz force flow meters-each consisting of a permanent magnet system and an attached digital force sensor-are arranged in a row and separated by a defined distance. Each flow meter measures the Lorentz force that is generated within the melt when the electrically conducting liquid metal passes the magnetic field. This time-of-flight technique can be exploited for the flow measurement by purely cross-correlating the two force signals. Hence, the measurement becomes independent of any fluid properties and magnetic field parameters. We present results of two model experiments that demonstrate that time-of-flight Lorentz force velocimetry is feasible for non-contact measurement of both global flow rates and local surface velocity in turbulent liquid metal flow. In these experiments, we use the low-melting eutectic alloy Ga 68 In 20 Sn 12 as a test melt. Moreover, to support these experimental findings, we present results of numerical simulations using the commercial codes FLUENT and MAXWELL. The numerical predictions are in good agreement with the experimental findings.
Introduction
Non-contact flow control and flow measurement in hot and aggressive metal melts are big challenges in metallurgic processes including continuous casting of steel [1] and production of secondary aluminum [2] , among others. Lorentz force velocimetry (LFV) [3] [4] [5] [6] is an electromagnetic measurement technique to meet these challenges. It is based on measuring the force acting on a magnet system when the electrically conducting melt flow interacts with the field lines stretched by the magnet system. According to the basic principles of magnetohydrodynamics (MHD) [7] [8] [9] , the socalled Lorentz force is proportional to the flow rate or local velocity and the electrical conductivity of the melt as well as to the strength and spatial distribution of the applied magnetic field. To obtain this typical scaling behavior, we consider Ohm's law for a moving liquid (velocity vector u) of electrical conductivity σ in a magnetic field B, the Poisson equation governing the electrical potential and the solenoidal constraints on the magnetic field and the electric current density j. These equations are defined by the following relations:
The induced Lorentz force density f L is given by
We now introduce characteristic scales V, L and B 0 for velocity, length and magnetic induction, respectively, and integrate equation (5) over the volume. Finally, for the magnitude of the Lorentz force, we obtain
or
where Q is the volumetric flow rate and V is a mean velocity. Equations (6) and (7) indicate that LFV is preferably suited for measurements in highly conducting liquids like metal melts.
Moreover, the scaling behavior shows that strong applied magnetic fields are preferable.
Various prototypes of such corresponding measuring devices, called Lorentz force flow meters, have already been successfully tested in industrial applications [10, 11] . Moreover, they have also been successfully tested in model experiments using electrolytes [12] within which the electrical conductivity is several orders of magnitude less. However, in application, conductivity is often unknown or hard to evaluate as it strongly depends on both temperature and composition of the melt. In this paper, we extend LFV to a setup where two identical flow meters are arranged one behind the other. Using such a technique, termed time-of-flight LFV [13, 14] , flow features can be examined by cross-correlating the two force signals. Cross-correlation techniques [15] [16] [17] are based on measuring the transit time of a tagging signal. Such techniques are well known from the use of hot-wire anemometry for the measurement of two-point velocity correlations. In more detail, we measure the time-of-flight τ of vortex structures that are present in turbulent flow and passing the two flow meters. With the separation distance D between the flow meters at hand, the vortex velocity V vortex , correlating with the mean velocity V of the flow, can easily be calculated. We obtain
Here, k 1 and k 2 are calibration constants and A denotes the flow cross-section. In our model experiments, the calibration constants are obtained by using both Vives probe velocimetry [18] and ultrasonic Doppler velocimeter (UDV) [19] as additional flow measurement techniques. Mathematically, the time-of-flight τ is obtained by the evaluation of the crosscorrelation function R 12 (τ ) using the raw voltage data U 1 (t) and U 2 (t) provided by the two flow meters. For the used strain gages, the voltage is strictly linear to the force. The crosscorrelation function is defined by the relation
In the respective graphs, the value on the abscissa of the first peak corresponds to the desired time-of-flight. By that the measurement becomes independent of the electrical conductivity and properties of the applied magnetic field.
Applying , electrical conductivity σ = 3.46 × 10 6 −1 m −1 and kinematic viscosity ν = 3.40 × 10 −7 m 2 s −1 . In a first series of model experiments, using the closed-loop test facility EFCO (electromagnetic flow control loop), we determine the flow rate Q by evaluating equations (8) and (9) and using magnet systems of which the magnetic field penetrates the entire cross-section of the flow. Vortex structures are triggered by submerging a cylinder in the flow. Flow control may be managed by adjusting the power of the respective flow-driving unit represented by an electromagnetic pump. In a second series of model experiments, using the test facility LiMeSCo (liquid metal surface velocity correlation measurements), we apply the time-of-flight LFV technique to determine freesurface velocities. Here, we evaluate equations (8) and (10) and use small-size cubic permanent magnets of which the magnetic field penetrates only a small flow volume adjacent to the surface. To check the potential of the method, in a first step, we apply the technique to solid metal bodies that are put into controlled rotation. In this case, the calibration constant k 2 is equal to unity. In a second step, we conduct free-surface liquid metal test experiments using again Ga 68 In 20 Sn 12 . Vortex structures are generated intrinsically as the used magnets themselves act as a magnetic obstacle [20] . In this case, we expect that the calibration constants will considerably deviate from unity. Local control shall be achieved by coupling the force measurements with electromagnetic actuators that manipulate the local flow field in a favorable manner.
The main goal of this study is to experimentally demonstrate that time-of-flight LFV is suited for the noncontact measurement of both flow rates and local velocities in liquid metal flow. In order to support the experimental observations, at the end of each section, we present predictions of corresponding numerical simulations using commercial codes and simplifying assumptions. This paper is organized as follows. In section 2, we present the test facility EFCO and show results of respective flow rate measurements. In section 3, we describe the free-surface liquid metal test facility LiMeSCo and give first results of local velocity measurements. Finally, in section 4, we provide the main conclusions.
Flow rate measurement

Experiment
Our model experiments are carried out in the test facility EFCO. Figure 1 shows the experimental setup. The facility consists of a closed channel with rectangular cross-section of height × width = 80 × 10 mm 2 . Here, two Lorentz force flow meters are arranged in a row and separated by a certain distance D. Each flow meter consists of two block-type permanent magnets of height × breadth × thickness = 100 × 30 × 20 mm 3 that produce a magnetic induction of about 300 mT at their inner surfaces. The magnets are connected by a yoke that guides the magnetic flux density. A digital strain gage sensor is mounted on the yoke to record the force that the fluid exerts on the magnet system. This measured force, pointing in the direction of the flow, is the counterforce to the braking Lorentz force. According to equation (5) , the Lorentz force is generated within the melt due to the interaction of the eddy currents induced by the melt flow and the applied magnetic field. Melt flow is driven by a frequencycontrolled electromagnetic pump based on rotating permanent magnets. Moreover, the facility is equipped with a Vives probe to measure the local velocity at the center of the channel and an UDV to measure velocity profile across the height of the channel. The data obtained with these measurement techniques are used to calibrate the time-of-flight flow meter. As a model melt, we use the low-melting alloy Ga 68 In 20 Sn 12 in eutectic composition. Melt temperature is measured by a submerged thermocouple and regulated at 20
• C by a water-cooled heat exchanger. In the experiments, we vary the rotation frequency f of the pump and the separation distance D of the flow meters.
This study compares the measured correlation time τ (time-of-flight) between the two force signals with the mean convective time scale based on the mean velocity V of the flow and the distance D. Here, V is known beforehand by applying both Vives probe and UDV measurement techniques. The measurement principle is sketched in figure 2 .
Our experiment procedure results in evaluating the traveling speed V vortex = D/τ , cf equation (8), of any vortex structure that is present in the flow. To increase the rate of such vortex structures and likewise the rate of usable signals, cf equation (11), a cylindrical obstacle is submerged into the ) and Re C = 7.42 × 10 3 and β = 0.8.
flow. Such cylindrical obstacles are commonly used in vortex flow meter devices [21] . The used cylinder has a diameter of a = 8 mm and is submerged at an angle of α = 60
• to the vertical direction. This corresponds to a submerged length of 100 mm. Here, the angle of 60
• is experimentally prefixed as we use the sealed UDV plug to insert the cylinder. Due to this experimental restriction, measurements using both UDV and submerged cylinder cannot be performed simultaneously. In the present experiments, the cylinder serves to trigger controlled vortex structures that may be first registered by flow meter 1 and then by flow meter 2.
To illustrate the effect of the cylinder on the flow, we perform purely hydrodynamic 3D numerical simulations using the commercial CFD code ANSYS with LES turbulence modeling. A total of 3 million elements and an extra-fine meshing of the cylinder region have been used. As an example, figure 3 shows the contours of the velocity magnitude in the cylinder wake in a plane at the position y = 2.5 mm above the bottom of the channel. The flow Reynolds number Re d and the cylinder Reynolds number Re C , defined by
respectively, are fixed at Re d = 1.65 × 10 4 and Re C = 1.32 × 10 4 . Here, d H = 18 mm is the hydraulic diameter of the channel. In the present case, the blockage ratio of the cylinder is β = 0.8 as the channel width is 10 mm. Here, a fully developed turbulent flow profile is used as an inlet condition. At the outlet, a fixed pressure condition is applied. We find that due to the presence of the side walls, the formation of a classical Karman vortex street [22] is suppressed. In the present case, vortex structures are generated that travel in the near-wall jets. A parametric numerical study on this vortex shedding problem including variation of the parameters Re d , α, and β is given in [23] . Figure 4 shows flow profiles across the height at midwidth of the channel measured by UDV. Thus, the submerged cylinder is absent. Here, the pump frequency is fixed at f = 25 Hz. This corresponds to a mean velocity of about 30 cm s −1 and a flow Reynolds number of Re d = 1.64 × 10 4 . Hence, we are in the regime of fully turbulent liquid metal channel flow. Moreover, the Hartmann number Ha defined by
and representing the ratio between Lorentz forces and viscous forces, is fixed at Ha = 140. When the second flow meter is removed, the single-LFV results [24, 25] are retained, cf the blue curve. In this case, a typical M-shaped MHD profile is registered. Here, the bulk velocity is reduced due to the braking Lorentz forces acting in this region, cf equations (1) and (5) . However, according to the principle of mass flux conservation, the fluid is pushed aside to the bottom and top of the channel. Within these so-called side layers, the induced eddy currents turn to loop back inside the liquid metal. The generated Lorentz forces basically act in the vertical direction supporting the pushing. This is a well-known finding in MHD flow with electrically insulating side walls [9, 26] and will be explained in more detail later on; see subsection 2.2. Due to the second flow meter, the M-shape profile becomes even more pronounced, cf the green curve in figure 4 . This indicates that a turbulent flow profile that is already shaped by MHD effects is very sensitive to the presence of a second localized magnetic field. For instance, due to the second field, the core velocity decreases by a factor of 2, while the peak velocity in the side layer increases by a factor of 3. Moreover, the side layer becomes thinner. One may expect that the profiles are symmetric with respect to the half-height line at 40 mm. Unfortunately our used UDV technique cannot resolve properly the region close to the bottom of the channel as unwanted reflections disturb the signal. Details of the UDV measurements are given in [27] . Figures 5 and 6 illustrate our procedure to evaluate the time-of-flight. In figure 5 , we present the raw data of the voltages U 1 (t) and U 2 (t) delivered by the strain gages of flow meters LFV 1 and LFV 2. Here, signals are shown within a typical time period of 10 s for an experimental run for which the pump frequency and the separation distance were fixed at f = 23 Hz and D = 170 mm. Each run lasts 320 s. In figure 5 , the red curve represents the data registered by LFV 1, while the green curve refers to LFV 2. In order to avoid overlapping of the curves, each strain gage was differently pre-tilted, resulting in different base levels. In our experiments, the sampling rate is restricted to 25 s −1 . This limitation is due to the data-acquisition system in use. We observe that the signal to noise ratio is fairly good. Moreover, we find that there are some oscillations on the signals. We attribute this finding to mechanical vibrations caused by the pump and the surroundings including floor vibrations and air flow. However, upon just looking at the graph, correlations between the signals are not ascertainable. Figure 6 shows the auto-and cross-correlation functions obtained by evaluating equation (11) and using the voltage data given in figure 5. We observe that there is a clear peak at the correlation time τ = 0.24 s; see the red curve in figure 6 . According to equation (8) , this corresponds to a vortex velocity of about V vortex = 70.8 cm s −1 . We conclude that the time-of-flight LFV is generally suited to determine the flow rate in turbulent liquid metal flow without knowledge of both electrical conductivity and the spatial distributions of the applied magnetic field.
The two figures below summarize the experimental findings. These graphs show the measured interrelation of the mean velocity V and the convective velocity of vortex V vortex at the two different separation distances D = 170 mm (figure 7) and D = 220 mm (figure 8). The data points represent values that have been double-averaged over 20 individual time periods of 10 s of each run and a total of 12 runs for each pump frequency. The typical standard deviation is about 10%. As expected, the diagrams indicate linear behavior between V and V vortex . Moreover, we observe that when the distance between the two LFVs is increased, the transit time for the vortex structures passing through is extended. However, we find that for each separation distance, the vortex velocity is considerably higher than the mean velocity, i.e. V vortex > V. Furthermore, the slope of the curves directly represents the calibration constant k 2 , cf equation (10) . We find the values k 2 = 1.90 for D = 170 mm and k 2 = 0.95 for D = 220 mm. Hence, the calibration constant decreases with increasing separation distance. We attribute these findings to the facts that due to the submerged cylinder, near-wall jets are created that are mainly carrying the vortex structure detected by the flow meters, cf figure 3, and that under the influence of the localized magnetic fields, the flow profile is deformed into an M-type shape, cf figures 4 and 12 given in subsection 2.2. At large separation distance, the jets may have decayed so that the calibration constant approaches unity. As mentioned before, in these test experiments, time accuracy is limited as the sampling rate of the data-acquisition system is restricted to 40 ms. This may explain the somewhat stepwise distribution of the data points shown in figure 8 . Moreover, we observe that at larger distances, both the rate and the reproducibility of usable data decrease. We attribute this finding to the fact that any vortex structure generated by the obstacle is strongly re-shaped by the first magnetic field. Hence, it shall hardly be re-detected by the second flowmeter. On the other hand, at smaller distances, the two localized magnetic fields may overlap, resulting in distorted signals.
Numerical simulations
To support the experimental findings, we perform numerical simulations using the commercial code FLUENT. We consider turbulent liquid metal channel flow affected by two localized constant magnetic fields that are pointing in the spanwise direction (positive z-direction). The geometry of the channel is identical to the experiment. Here, we simultaneously solve the Navier-Stokes equations governing fluid dynamics and the magnetic induction equations governing electrodynamics. The full set of equations is given by
Here, p is pressure and μ denotes the magnetic permeability of free space. These equations are fully coupled via the Lorentz force term in the Navier-Stokes equations (last term in equation (15)) and the effects of advection and stretching of magnetic field lines by the flow in the induction equation (second and third terms in equation (16)). Figure 9 shows the computational domain and the used mesh. A total of 3 million elements have been used. Here, within the volumes of fluid 2 and 4, a constant transverse magnetic field B 0 is applied. Volumes of fluid 1 and 5 represent the in-flow and the out-flow regions, while the volume of fluid 3 between the two flow meters is assumed to be fieldfree. As appropriate hydrodynamic boundary conditions, we use no-slip conditions at rigid channel walls, a turbulent purely hydrodynamic flow profile as an inlet condition and a zero-pressure outlet condition. Moreover, as electrodynamic boundary conditions, we choose electrically insulating channel walls, as well as perfectly conducting interfaces at the entrance and exit planes of the magnetic field. Furthermore, at these planes, the tangential component of the induced magnetic field is set to zero. In the simulations, we apply the WALE-LES turbulence model.
In the following, we show the graphical presentation of flow profiles in the x-y plane taken at half-width of the channel. figure 11 ). In these figures, the flow is from left to right. The two regions, within which the localized magnetic fields are present, are marked with black vertical lines. The field points out of the plane. We observe that due to the influence of the first magnetic field, M-shaped flow profiles are formed. Hence, MHD side layers appear at the top and bottom of the channel.
In the region between the magnetic fields, these profiles remain unchanged. However, upon entering the second localized magnet field, the bulk flow is once more retarded and more fluid is pushed into the side layers. By that the M-shape profile becomes more pronounced. This finding corresponds well with our UDV measurements. At higher Reynolds number, the braking effect is increased, resulting in higher velocity gradients across the channel height. Figure 12 shows the effect of the Hartmann number. Here, the parameters are fixed at Re d = 3.0 × 10 4 and Ha = 205. We observe that upon increasing the strength of the magnetic field, the MHD effects increase likewise. The difference between the bulk velocity and velocity in the side layers strongly increases and the thickness of the side layers decreases.
Finally, figure 13 ) and Ha = 140.
due to the action of the Lorentz forces, it has been transformed into an M-shape profile; see the green curve. As already stated above, in the field-free region between LFV 1 and LFV 2, this profile is mainly unchanged. We observe a small increase of the bulk velocity, since in this region braking Lorentz forces are absent; see the red curve. After having passed LFV 2, the profile was once more re-shaped into an M-type form and the bulk velocity has decreased again; see the black curve. Finally, at the outlet, the profile starts to transform back into a purely hydrodynamic shape. The bulk velocity increases and the side layers start to dissipate. However, the peak velocity in the side layers increases; see the orange curve. This prediction is due to the fact that the so-called Hartmann layers rapidly collapse. These layers are formed adjacent to the side walls of the channel that are perpendicular to the magnetic field. By conservation of mass, the fluid is pushed into the side layers. These numerical findings qualitatively correspond to our UDV measurements shown in figure 4 . However, the predicted reduction of the bulk velocity and the increase of the peak velocity in the side layer due to the presence of the second magnetic field are considerably lower than those observed in the experiments. We attribute these quantitative deviations to both the limited resolution of the UDV and the simplifications made in the simulations.
To get more physical insight into the formation of the M-shape velocity profile, figures 14 and 15 show the distribution of the induced eddy current density and the resulting distribution of the Lorentz force density in the plane at half-width of the channel. The flow is from right to left. Here, LFV 1 and LFV 2 denote the regions within which the localized magnetic field is present. Parameters are fixed at Re d = 1.43 × 10 4 and Ha = 68. The separation distance of the flow meters is D = 100 mm. According to Ohm's law, cf equation (1), strong eddy currents are induced within the regions LFV 1 and LFV 2. In the bulk areas of these regions, the eddy currents are mainly flowing in the positive vertical direction, cf figure 14 and equation (1) . According to equation (5), this eddy current distribution gives rise to strong Lorentz forces pointing in the negative flow direction, cf figure 15 . Hence, these forces tend to brake the flow and the bulk velocities are considerably reduced. Due to conservation of mass, the fluid has to be pushed to the bottom and top of the channel resulting in the observed and calculated M-shape profiles. Moreover, due to the solenoidal constraint according to equation (4) , in the vicinity of the electrically insulating bottom and top walls, the eddy currents must turn into the flow direction. Eventually, they loop back inside the liquid within the regions where the magnetic field is absent, cf figure 14 . Therefore, in these bottom and top regions, the Lorentz forces change their directions likewise and are mainly pointing in ) and Ha = 68. The separation distance of the flow meters is D = 100 mm. the vertical direction; see figure 15 . This effect reinforces the formation of the M-shape profile.
Surface velocity measurement
Experiments using solid-body rotation
The goal of this experiment is to demonstrate the general feasibility of time-of-flight LFV to sense local surface velocities. A photograph of the experimental test facility LiMeSCo is shown in figure 16 . It consists of a ring channel that is put into controlled rotation by an electrical motor. The inner and outer radii of the channel are 17.5 cm and 24.5 cm, respectively. On top of the channel, there is a solid aluminum disk of thickness 1.5 mm. At a certain height H above the channel, we arrange two small Lorentz force flow meters in a row separated by a certain distance D. Each flow meter consists of a cubic magnet of edge length a = 20 mm producing a magnetic induction of 500 mT at its bottom face. Moreover, the magnets are mounted on digital strain gage sensors that record the local Lorentz forces generated in the rotating sheet.
To check the functionality of the measurement principle and for calibration purposes, a thin iron wire is tightened across the channel (not shown in figure 16 ). Figure 17 illustrates once again the time-of-flight measurement principle. Upon cross-correlating the two force Figure 16 . Setup of the model experiment to measure surface velocity in solid-body rotation using time-of-flight LFV. An aluminum ring-type disk is put into controlled rotation. Two Lorentz force flow meters are arranged one behind the other at some distance above the disk. signals delivered by the flow meters, we evaluate the time shift τ and recalculate the velocity V according to the relation V = D/τ , cf equation (8) . An example is given in figure 18 . Here, large-amplitude peak signals are due to the transit of the iron wire through the two localized magnetic fields. Small peaks and signal modulations are due to the natural unevenness of the disk. We observe that there is a clear time shift between the signals given by the distance and driving velocity. We detect that not only the sharp signals produced by wire but also the small modulations due to the unevenness can be used to determine surface velocities.
Using equation (11), we again calculate the auto-and cross-correlation functions of the signals above; see figure 19 . As expected, we find a sharp peak at the correlation time corresponding exactly to the transit time τ = D/V. . Large peaks result from the wire, and small peaks result from the natural unevenness of the disk. Figure 19 . Auto-and cross-correlation functions calculated according to equation (11) and using the voltages U 1 (t) and U 2 (t) shown in figure 18 . The velocity is fixed at V = 30 cm s 
Numerical simulations
For this experimental setup, we perform numerical simulations using the commercial software MAXWELL. Here, we solve a slightly different problem, where an aluminum sheet is linearly pulled at constant speed underneath two localized magnetic fields. Magnet dimensions and arrangements correspond exactly to the experimental situation. MAXWELL solves the three-dimensional transient induction equation in the magnetic vector potential representation. By that we obtain the distributions of the magnetic field produced by the permanent magnets as well as the distribution of the induced eddy currents and Lorentz forces within the moving sheet. Figures 20 and 21 show the results of simulations. Here, both the calculated Lorentz forces in the streamwise direction We observe that in this case the two magnetic fields overlap. However, definite peaks in the Lorentz force distribution are obtained, indicating that also in this case the arrangement can Figure 22 . Setup of the test facility LiMeSCo for measuring local velocities in free-surface liquid metal flow using time-of-flight LFV. A ring channel filled with GaInSn is put into controlled rotation. Two Lorentz force flow meters are arranged one behind the other at some distance above the free surface. be used for surface velocity measurements. Interestingly, there are localized regions in front of the first magnetic field and at the end of the second magnetic field within which the Lorentz force acts as an acceleration force on the solid, i.e. pushing it in the streamwise direction. This is due to the fact that within these regions the eddy currents are flowing in the opposite direction to form closed loops. By that also the Lorentz force changes its direction. Figure 21 shows the numerical results for a separation distance of D = 80 mm and the same set of parameters as before. In this case, the magnetic fields do not overlap. By that the peak values of the Lorentz forces are slightly increased. An unperturbed measurement is possible. Moreover, within the region between the two localized magnetic fields, the Lorentz force acts in the positive streamwise direction. This indicates that the eddy currents are using the entire gap between the magnets to loop back.
Free-surface measurements
Finally, we would like to present first experimental results for the case when the ring channel is filled with a liquid metal. We use the eutectic alloy Ga 68 In 20 Sn 12 as test melt again. Here, we want to demonstrate that time-of-flight LFV technique may also serve as a method to locally determine velocities in freesurface flow. This case is closer to the metallurgic applications during continuous casting of steel and production of secondary aluminum. A sketch of the experimental setup is shown in figure 22 .
First results of flow visualization experiments are shown in figure 23 . We observe that in this case, the presence of the localized magnetic field, produced by the permanent magnet of the Lorentz force flow meter, gives rise to intense deformation of the free surface and the creation of surface waves. The field acts like a magnetic obstacle that has already been predicted by numerical simulations [28] and confirmed in respective model experiments [20] . We observe that the flow is decreased right underneath the magnetic field and is accelerated in the side regions. We observe that this obstacle Figure 23 . Visualization of liquid metal free-surface flow influenced by a localized magnet field that is produced by a small permanent magnet located above the surface. Surface deformation and surface waves are created due to the magnetic obstacle effect.
effect may influence the determination of the local surface velocity in application. However, more model experiments are needed to confirm this statement. More detailed results on free-surface velocity measurements using time-of-flight LFV will be presented elsewhere [29, 30] .
Conclusion
Our model experiments demonstrate that time-of-flight LFV is a feasible non-contact tool for measuring flow rates in turbulent liquid metal flow. The present technique measures the transit time of a tagging vortex that is transported by the flow and which is registered by two Lorentz force flow meters that are arranged at a certain distance one behind the other. The measurement is based on just cross-correlating the force data registered by the two flow meters. By that it becomes independent of any fluid properties and the magnetic field data. However, the experiment shows that intense calibration of the measuring device is needed as the ratio between transit time and characteristic flow time strongly depends on the separation distance of the flow meters and, presumably, on the geometry of the obstacle, which is submerged into the flow in order to produce detectable vortex structures. More model experiments using more sophisticated data-acquisition system and more sensitive force sensors as well as further numerical investigations have to be performed to develop this method. Furthermore, our model experiments using solid metallic bodies show that with time-of-flight LFV also non-contact local surface velocity measurements are possible. However, in the case of free-surface liquid metal flow, the application of the technique is restricted due to strong influence of the applied localized magnetic fields on the shape of the free surface. A further development of this method shall include that magnets of different sizes are used to significantly reduce surface deformations.
